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Summary

We have determined the ice-surface velocities of the Academy of Sciences Ice Cap, Severnaya Zemlya, Rus-
sian Arctic, during the period November 2016 - November 2017, using intensity offset-tracking of Senti-
nel-1 synthetic-aperture radar images. We used the average of 54 pairs of weekly velocities (with both images
in each pair separated by al2-day period) to estimate the mean annual ice discharge from the ice cap. We
got an average ice discharge for 2016-2017 of 1,93+0,12 Gt a~!, which is equivalent to —0,35+0,02 m w.e. a”}
over the whole area of the ice cap. The difference from an estimate of ~1,4 Gt a~! for 2003-2009 can be attrib-
uted to the initiation of ice-stream flow in Basin BC sometime between 2002 and 2016. Since the front posi-
tion changes between both periods have been negligible, ice discharge is equivalent to calving flux. We com-
pare our results for calving flux with those of previous studies and analyse the possible drivers of the changes
observed along the last three decades. Since these changes do not appear to have responded to environmental
changes, we conclude that the observed changes are likely driven by the intrinsic characteristics of the ice cap
governing tidewater glacier dynamics.
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Knrouesbie cosa: atic6epaoebiii cmok, ApKmuKa, NedHUK08bIii Kynosi, 0mén 1edHUK08, N08EPXHOCMHASA CKOPOCMb deUxeHUsA NeHUKdA,

CegepHas 3emns.

Mo 54 napam KOCMUYECKMX CHUMKOB Sentinel-1, caenaHHbIX ¢ HoA6psa 2016 1. no HosA6pb 2017 1., onpepe-
NeHbl CKOPOCTW ABMXeHUA negHuMKoBoro Kynona Akagemunn Hayk Ha CesepHoi 3emne. Ha 3Toli ocHoBe
OLeHEH cpefHerooBoO pacxof NbAa B mope atoro Kynona (1,93+0,12 IT/roa), ycTaHOBNEHbI OCHOBHblE

doi: 10.31857/52076673420010020

nyTW CTOKa JibAa, NpoBeAEHO CPpaBHEHNE C NPEXHUMUN OLl€HKaMW.

Introduction

Frontal ablation, and in particular iceberg calv-
ing, is known to be an important mechanism of mass
loss from marine-terminating Arctic glaciers [1—8],
including those of the Russian Arctic [9—11]. The
Russian Arctic, comprising the archipelagos of No-
vaya Zemlya, Severnaya Zemlya and Franz Josef
Land, had a total glacierized area of 51592 km? in
2000—2010, of which 65% corresponded to marine-
terminating glaciers [12], and an estimated total ice
volume of 16 839+2205 km? [13]. Although the re-
cent ice-mass losses from the Russian Arctic have

been moderate, of ~11+4 Gt a~! over 2003—2009 [9,
14, 15], they have been predicted to increase substan-
tially to the end of the 21st century [16, 17]. Conse-
quently, an accurate knowledge of the calving flux-
es is key to understand and predict the evolution of
the mass losses from the glaciers and ice caps of the
Russian Arctic. However, the available estimates are
rather scarce. Since the recent ice-mass losses in
the Russian Arctic have occurred mainly in Novaya
Zemlya (~80%), with Severnaya Zemlya and Franz
Josef Land contributing the remaining ~20% |18,
19], the two latter regions have received compara-
tively lower attention. But two facts that happened in
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Fig. 1. Location of the Academy of Sciences Ice Cap within Severnaya Zemlya [19] (a), surface topography of the ice
cap (contour level interval is 50 m) and ice divides defining the main basins (b) taken from the Randolph Glacier In-

ventory (RGI) version 5.0 [12].
UTM coordinates for zone 47 North are shown

Puc. 1. MecronoyioxeHue JeqHUKOBOro Kymnosa Akanemun Hayk Ha CeBepHoii 3emie [19] (a); penbed moBepXHOCTH
JIEMHUKOBOTO KyToJjia (TOPU30HTAJIN IpoBeneHbI Yyepe3 50 M) 1 Jiemopas3ae/ibHble TMHUM, OTPAHNYMBAIOIINE OCHOBHbBIC
JienocOopHbIe bacceliHkbI (), moKa3zaHHbIe B cOOTBeTcTBMU ¢ Katanorom egHukoB Pennonbd (RGI) Bepcuu 5.0 [12].

Hana koopauHatHasg cetka UTM st ceBepHoii 30HbI 47

recent years have attracted more attention to Sever-
naya Zemlya. First, the collapse of the Matusevich
Ice Shelf, October Revolution Island (Fig. 1, a), in
2012, with the subsequent accelerated thinning of the
glaciers feeding the ice shelf [20]. Second, the «slow»
surge of the Vavilov Ice Cap, also on October Revo-
lution Island, in 2015 [21, 22].

There is a limited amount of earlier work on the
dynamics of Severnaya Zemlya glaciers [1, 23, 24],
and in particular on satellite remote-sensing stud-
ies of glacier surface velocity and ice discharge
from Severnaya Zemlya [1, 9, 25]. More recent-
ly, the increased availability of Synthetic Aperture
Radar (SAR) data, with higher temporal and spa-
tial resolution, from platforms such as TerraSAR-X,
PALSAR-1 and Sentinel-1, has allowed further stud-
ies [11, 22]. Focusing on the Academy of Sciences
Ice Cap on Komsomolets Island, Severnaya Zem-
lya (see Fig. 1), which is the topic of this paper, the
available surface velocity and associated calving-
flux estimates differ substantially between 1988 and
2009 [1, 9], indicating large interannual to decadal
variations. However, possible under- and overesti-
mations due to limitations of the available data have

been pointed out [9, 11]. This, together with the lack
of studies of intra-annual (including seasonal) varia-
tions in the ice-surface velocity of this ice cap, mo-
tivated our work in a previous paper [11]. The latter
paper focused on analysing the mentioned short-
term variations of ice-surface velocity, and associ-
ated ice-discharge variations, though also paid atten-
tion to other aspects, such as the stress regime, the
surface-elevation changes and the long-term varia-
tions in ice discharge. In the present paper, we ex-
pand the discussion by Sanchez-Gamez et al. [11],
focusing on past and current calving flux estimates of
the Academy of Sciences Ice Cap and on the possible
drivers of the long-term variations of its calving flux.

Study site

The Academy of Sciences Ice Cap, located on
Komsomolets Island, Severnaya Zemlya (see Fig. 1),
is one of the largest Arctic ice caps, with an estimated
area of ~5575 km? and volume of ~2184 km? [1]. Its
highest elevation is of ~787 m a.s.l. (ArcticDEM, [26])
and its maximum ice thickness is of ~819 m [1]. A
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large fraction (~42%) of the ice-cap margin is marine
and ~50% of its bed is below sea level [1].

The climate of Severnaya Zemlya is classified as
a polar desert with both low temperatures and low
precipitation [9]. The atmospheric circulation is
dominated by high-pressure areas over Siberia and
the Arctic Ocean, and low pressure over the Bar-
ents and Kara seas [27, 28]. The climatic conditions
are described with more detail in the companion
paper [29], as they are more relevant for that study,
focused on mass balance.

Regarding the dynamical regime of the ice cap,
Dowdeswell and Williams [24] found no evidence
of past surge activity within the residence time of
the ice, noting that there was no evidence of any de-
formation of either large-scale ice structures or me-
dial moraines. Dowdeswell et al. [1] combined ice-
surface velocities from SAR interferometry of ERS
tandem-phase scenes from 1995, together with ice-
thickness from radio-echo sounding at 100 MHz, to
calculate the calving flux from the ice cap. Moho-
Idt et al. [9], using ICESat altimetry, together with
older DEMs and velocities from Landsat imagery,
calculated the geodetic mass balance and the calv-
ing flux from the Academy of Sciences Ice Cap for
various periods during the last three decades. They
showed that the mass balance of the ice cap has been
dominated by variable ice-stream dynamics. Studies
of ice-flow modelling and physical-parameter inver-
sion are also available for the Academy of Sciences
Ice Cap [30, 31].

Data and Methods

SAR data and its processing for ice surface veloci-
ties. We derived the surface velocities on the Acade-
my of Sciences Ice Cap from Sentinel-1B SAR TOPS
Interferometric Wide (IW) Level-1 Single Look
Complex (SLC) images [32]. The resolution when
operating in this mode is 5 of and 20 m in the range
and azimuth directions, respectively. We used the
vertical transmit and vertical receive (VV) channel,
which is best suited for retrieval of ice motion [33].
We processed 54 weekly pairs of SAR images, from
November 2016 to November 2017, with 12-day sep-
aration between the images in each pair. Additional
details can be found in [11].

We used the intensity offset-tracking algorithm
GAMMA software for processing the Sentinel-1

SAR acquisitions [34, 35]. For co-registration of the
Sentinel-1 TOPS mode images, we used the Arc-
ticDEM mosaic release 6 [26]. After full co-regis-
tration is achieved, deramping of the SLC images
for correcting the azimuth phase ramp is required
to apply oversampling in the offset-tracking pro-
cedures [35]. Once these steps are completed, the
offset-tracking technique is the usual one for strip-
map mode scenes [34, 36]. We used a matching win-
dow of 320 X 64 pixels (1200 X 1280 m) in range
and azimuth directions, respectively, with an overs-
ampling factor of two for improving the tracking re-
sults [34]. The resolution of the final velocity map
was 130 X 105 m in range and azimuth directions.
The geocoding was completed using the ArcticDEM
mosaic product. Errors in surface velocity were esti-
mated by analysing the performance of the algorithm
on ice-free ground on Komsomolets Island under the
hypothesis that the error of the offset tracking tech-
nique on bare ground should be close to zero. The
combined (range and azimuth) root-mean-square
error in the magnitude of the ice-surface velocity was
~0,024 md!' (~8,75ma™').

Ice thickness data from radio-echo sounding. Ice-
thickness data were derived from radio-echo sound-
ing measurements in spring 1997 using a 100 MHz
radar system [1]. The mean crossing-point error in
ice-thickness measurements was 10,5 m.

Dynamic ice discharge and calving flux. We here
use the term calving flux to denote the ice discharge
calculated through a flux gate close to the calving
front minus the mass flux involved in front position
changes [37]. In our case study, spanning the peri-
od from November 2016 to November 2017, glacier
terminus position changes have been negligible, so
calving flux and ice discharge are equivalent. We will
most often use the term calving flux, for consistency
with previous studies [1, 9].

For tidewater glaciers, ice discharge is ideally cal-
culated through flux gates as close as possible to the
calving fronts, while for floating ice tongues or ice
shelves it is usually calculated at the grounding line.
There is some evidence from both ice-penetrating
radar data collected in 1997 and earlier investiga-
tions by Russian scientists that small areas of the ice-
cap margin at the seaward end of the ice streams of
the Academy of Sciences Ice Cap may be floating or
close to floatation [1]. However, we calculated ice
discharge at flux gates located within ca. 1,5—3 km of
the calving front, where ice is grounded. Therefore,
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Fig. 2. Surface velocities for the
drainage basins of the Academy of
Sciences Ice Cap, corresponding
to the Sentinel-1 SAR image pair
acquired on 6 and 18 March 2017.
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ice discharge can be calculated as mass flux per unit
time across a given vertical surface .S, approximated
using area bins as

$= J;pvdS = Zi oL; H,fv;cosy;, (D)

where p is the ice density, L; and H, are respectively
the width and thickness of an area bin, fis the ratio of
surface to depth-averaged velocity, v; is the
magnitude of surface velocity and v; is the angle
between the surface-velocity vector and the direction
normal to the local flux gate for the bin under
consideration. In general, it is assumed that f ranges
between 0.8 and 1 [38]. Normally, tidewater-glacier
velocity at the terminus is dominated by basal sliding,
making f close to unity. Following [39], we took
f=0.93+0.05, assuming that all tidewater glaciers on
the Academy of Sciences Ice Cap have a large
component of basal motion. For ice density, we
assumed p = 900£17 kg m 3. Our flux gates span the
whole frontal area of each marine-terminating
glacier basin. Each flux gate was divided into small
bins of 30 m width. The ice thickness for each bin

areas. The maximum velocities are
1200 m a~! for basins B and BC,
1100 m a~! for Basin C and 750 m a™!
for Basin D

Puc. 2. [ToBepXHOCTHBIE CKOPO-
CTU IBUXEHUS B JIEJOCOOPHBIX
OacceifHax JIEMTHUKOBOTO KyIloJia
Axanemuu Hayk, cOOTBETCTBYIO-
mue mape uszodbpaxeHuii SAR
Sentinel-1, moaydYeHHBIX 6 U
18 mapTa 2017 r.

Kopu4HeBbIM 1IBETOM 0GO3HaUYEHBI
CBOOOIHBIE OTO JIbJIa YYACTKK CYIIU.
MakcumainbHble CKOPOCTU TOCTUTAIOT
1200 m/rom B Oacceiitnax B u BC,
1100 m/rox B 6acceitae C u 750 m/Tox
B Oacceiine D

was calculated by interpolating the ice-thickness data
of Dowdeswell et al. [1], and was corrected for
surface-elevation changes between 2004 and 2016
from the comparison of ICESat and ArcticDEM
strip elevation datasets (see companion paper [20]).
The velocity vector orientations were calculated with
respect to the vector normal to each flux-gate bin.
Errors in ice discharge were estimated following [7],
applying error propagation to Equation 1.

Results

Ice cap surface velocity. The surface velocities in-
ferred from the Sentinel-1 SAR images are shown in
Fig. 2. The marine-terminating drainage basins B,
BC, C and D show zones of ice-stream-like flow
with high velocities, while Basin A also shows a well-
defined zone of lower, but relatively high velocities.
The surface-velocity fields of all major ice streams,
except A, show a similar pattern. Velocities become
prominent where ice flow converges from the upper
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Table 1. Area, flux gate main characteristics and mean annual (November 2016 - November 2017) calving fluxes for the
marine-terminating drainage basins of the Academy of Sciences Ice Cap shown in Fig. 2. The totals are shown in the last row

Tabnuya 1. Inomagyu, 0CHOBHbIE XapaKTEPUCTUKY U CpefHerogossie (HOs6pb 2016 — Hosa6ps 2017 IT.) pacxopsl IbJa Ha ajic-
6epru nepHMKOBBIX GacceiHOB Kynona Axagemun Hayk, 3akaHumBaomuxcsa B MOpe M IIOKa3aHHBIX Ha puc. 2. B mocnenneit

CTPOKE JaHbl NTOI'OBbIE€ 3HAYECHNA

Drainage basin | Basin area, km? | Flux gate length, m Flu?c gate mean Flux gate .mean sillrface Calving flux, Gt a™!
thickness, m velocity, m a
West 1033 62 821 174 6 0,06%0,03
A 707 7274 251 19 0,03+0,01
B 413 5788 83 441 0,18%0,03
South 47 14 107 121 28 0,04£0,02
BC 276 6820 184 384 0,41£0,05
Southeast 359 3740 164 15 0,08+0,04
C 829 10 594 223 344 0,69+0,07
D 475 10 820 171 280 0,44+0,05
Total 4139 155 264 166 88 1,93+0,12

accumulation areas and increase to a maximum at
the marine termini. We also calculated the mean an-
nual velocities at the flux gates of all marine-termi-
nating basins, by averaging the 54 pairs of weekly-
spaced Sentinel-1 SAR velocities available between
November 2016 and November 2017. These annual-
averaged velocities, shown in Table 1, were later used
to compute the ice discharge.

Calving flux. The calving flux calculated for each
individual basin of the Academy of Sciences Ice Cap,
for the period November 2016 — November 2017, is
presented in Table 1. The largest contributors are the
southern (B and BC) and eastern (C and D) basins,
where the fastest ice streams are located. The total calv-
ing flux from the ice cap amounts to 1.934£0.12 Gta™!,
which is equivalent to —0.35+£0.02 m w.e. a~! over the
whole area of the ice cap.

Discussion

Calving flux and its intra-annual variability. Ice
Streams A, B, C and D were identified in the earlier
observations by Dowdeswell et al. [1] and Moholdt
et al. [9], but Ice Stream BC, which is currently the
third largest contributor to total calving flux, was first
noted in our study [11]. Our data thus indicate that
fast ice-stream flow was initiated in this basin after
the period covered by the two earlier studies and be-
fore our study period began in 2017. Sdnchez-Géamez
et al. [11] additionally compared a Landsat-7 image
of July 2002 with a Sentinel-2 image from March
2016, and fast flow did not appear in the former,

while it was clearly evident in the latter. Therefore,
ice stream flow in Basin BC was initiated after 2002,
and before 2016.

The calving flux values shown in Table 1 are an-
nual averages for the period November 2016 — No-
vember 2017, based on weekly observations along the
entire year, and thus are not affected by seasonal or
other shorter-term intra-annual variations. Sdnchez-
Gamez et al. [11] have analysed these intra-annual
variations, which, for certain basins, can reach peak-
to-peak variations up to ~40% with respect to the
mean annual velocity. This indicates that large errors
could be incurred if the ice velocities calculated at a
particular snapshot in time were extrapolated to cal-
culate the calving flux for the whole year.

Interannual variability of calving flux. There are
available some calving flux estimates for the Acade-
my of Sciences Ice Cap, derived using different tech-
niques, and corresponding to various periods with-
in the last ~30 years, some of which partly overlap.
Dowdeswell et al. [1] calculated the calving flux for
September/December 1995 from SAR interferometry,
whereas Moholdt et al. [9] did it for the period June
2000 — August 2002 using image-matching of Land-
sat scenes. Moholdt et al. [9] also calculated the calv-
ing flux for the periods 1988—2006 and 2003—2009,
using in these cases an indirect way, subtracting from
the geodetic mass balance (calculated from DEM dif-
ferencing assuming Sorge’s law [40]) an estimate of
the climatic mass balance. The latter was based on the
assumption that Basin North (basins North and West
in our study) is an analogue for the climatic mass bal-
ance of the entire ice cap [9]. The justification for this
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Table 2. Calving fluxes estimated for the drainage basins of the Academy of Sciences Ice Cap for various periods. Basin «North»
here groups our basins North and West, and «Others» groups our basins South, BC and Southeast. These names have been

used for compatibility with [9]

Tabnuya 2. Pacxons! b Ha aiicGepry, OLeHEHHbIE 32 pasHble IEPHOAbI IS TEXOCOOPHBIX 6aCCETHOB TETHNKOBOTO KyIO/a
Axagemun Hayk. 3pgech 6acceitn «North» Bkaogaer B ce6s Hamm 6acceitapl North n West, a 6acceitt «Others» — Hamm 6ac-
ceitbt South, BC u Southeast. 3T HasBaHMs ObIIM UCIIOTB30BAHBI /I BO3MOKHOCTY CPAaBHEHMS C JaHHBIMU PaboTsI [9]

. . Dowdeswell et al. [1] Moholdt et al. [9] This study
Drainage Basin
1995 Gt a™! 1988—2006 Gt a™! 2000—2002 Gta™! | 2003—2009 Gt a’! 2016/2017 Gta™!

Basin North ~0 ~0 ~0 ~0 0,0610,03
A ~0 ~0 ~0 ~0 0,03+0,01
B 0,03 0,5 0,3 0,1 0,18%0,03
C 0,37 1,9 1,9 0,7 0,6910,07
D 0,12 0,7 ~0,7 0,5 0,44+0,05
Others ~0,1 ~0,1 ~0,1 ~0,1 0,53%0,07
Ice cap total 0,6 3,2 ~3,0 1,4 1,93+0,12

assumption is that the northern part of the ice cap is
land-terminating, so its climatic and geodetic mass
balances are equal; on the other hand, the western
part of the ice cap, although marine-terminating, is
dynamically inactive with no significant calving loss-
es. Extrapolating the estimated climatic mass balance
to the rest of the ice cap leads to a near-zero climatic
mass balance for the entire Academy of Sciences Ice
Cap. We have made a similar assumption in the com-
panion paper [20], where we discuss other pieces of
evidence supporting this assumption.

The available calving flux estimates are shown
in Table 2. There are significant variations along
the period analysed, although the calving flux in
the last decade seems more stable than in previ-
ous decades (see Table 2). It is important to remark
that the difference of ~0,5 Gt a~! between the esti-
mates for 2003—2009 and 2016—2017 is almost en-
tirely attributed to the recent initiation of fast flow
in Basin BC [11], which currently accounts for
0.41 £ 0.05 Gt a~! (see Table 1). The lowest calving
flux estimate, of 0.6 Gt a_! for 1995, could have been
underestimated, as discussed by Moholdt et al. [9]
and Sanchez-Gamez et al. [11]. The main potential
shortcoming of the indirect estimates of calving flux
for 1988—2006 and 2003—2009 is the assumption of
Sorge’s law in the conversion from volume changes
to mass changes. The analysis by Opel et al. [41] of
the deep ice core taken in 1999—2001 at the summit
of the Academy of Sciences Ice Cap found a strong
increase in melt-layer content at the beginning of the
20th century, which remained at a high level until
about 1970 and then decreased markedly until 1998.
As the amount of melt layers in ice cores is a proxy

for the summer warmth at the ice-cap surface [42],
these large temporal variations in melt-layer content
indicate that the assumption in Sorge’s law of an ab-
sence of temporal change in firn thickness or density
is not suitable for the Academy of Sciences Ice Cap.
Further evidence is provided by the modelling exper-
iments on the neighbouring Vavilov Ice Cap on Oc-
tober Revolution Island, Severnaya Zemlya [43, 44].
Even so, the associated uncertainty cannot justify the
large differences in calving flux observed between
the various periods shown in Table 2. For the calving
flux estimates based on data for particular snapshots
in time, the period in the year when the observations
were made can neither explain such large differences,
considering the magnitude of the seasonal and intra-
annual variability in surface velocities analysed by
Sanchez-Gamez et al. [11]. Hence the need to search
for drivers of the large differences in calving flux ob-
served over the last three decades.

Drivers of the observed long-term changes in caly-
ing flux. Increasing summer air temperatures may
drive an increase of calving flux, through its influ-
ence on surface melting and drainage of meltwater to
the glacier bed, enhancing bed lubrication and basal
sliding [45]. However, such accelerations in veloc-
ity are mostly short-lived and do not contribute to
increased calving [46]. Air temperatures could still
play a role if they had an influence on sea-ice or ice
meélange concentration, as these are known to af-
fect calving, especially when glaciers are confined
in fjords [47, 48]. However, the possible effects of
sea-ice cover on the dynamics and calving flux of
the Academy of Sciences Ice Cap are expected to be
weak, because their marine termini are not confined
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in fjords where sea ice or ice mélange could form, be
retained and exert a significant backpressure. More-
over, the seas surrounding Severnaya Zemlya are
characterized by relatively thin first-year ice, as in
this region new ice is typically produced and soon
moved away by the oceanic currents that flow north-
wards past the archipelago [49]. However, Sharov
and Tyukavina [25] pointed out that medium-term
(from decadal to semi-centennial) changes in gla-
cier volumes on Severnaya Zemlya were linked to the
extent and duration of sea-ice cover nearby, so that
slow-moving maritime ice caps would grow when the
sea-ice cover in adjacent waters was small, and thin
when the sea-ice cover consolidated. This, however,
would apply in our case study only to the slow-mov-
ing basins West and A. More generally we did not
find any clear relationship between summer (June—
July—August) average temperature and calving flux,
or between sea-ice concentration and calving flux,
which could explain the observed long-term changes
in calving flux [11]. In fact, the highest calving fluxes
corresponded to the period 1988—2006, which had,
overall, lower air temperatures and larger late Sep-
tember sea-ice extent than the periods 2003—2009
and 2016—2017 [11]. The calving flux in 2003—2009
was lower than that of 2016—2017, and mean summer
temperatures during 2003—2009 (~0,8 °C on average)
were higher than that of summer 2017 (—0.2 °C). The
mean late September sea-ice extent was also high-
er on average for 2003—2009 compared with 2016—
2017 [11]. Only for the lowest calving flux estimate,
which corresponds to particular snapshots in time
(September and November 1995), did we find that
the sea-ice extent in late September was larger than
those of the preceding and following years [11]. The
summer before our SAR image acquisitions (2016)
was relatively warm (mean summer air temperature
of 1.2 °C), but was followed by a marked drop in tem-
perature, to — 0.2 °C in summer 2017 [11]. However,
the sea surrounding northern Severnaya Zemlya was
virtually ice free at the end of September 2017 [11].
In the absence of a clear climate-related driver for
the large interannual changes in calving flux observed
during the last three decades, we are inclined to asso-
ciate the observed dynamic instabilities with intrin-
sic characteristics within the Academy of Sciences Ice
Cap, as suggested by Moholdt et al. [9]. One of the
characteristics that could influence long-term varia-
tions in terminus position and calving fluxes is the
complex geometry of the subglacial and seabed to-

pography in the terminal zones of the eastern basins
(C and D) [1]. The variations of flux could be associ-
ated with changes in floatation conditions [50]. The
floating or near-floating state of these marginal zones
has been suggested through various lines of evidence,
such as the very low ice-surface gradients, the strong
radar returns from the ice-cap bed in several areas at
the margin of the ice streams, and the large numbers
of tabular icebergs observed near their margins [1].

Conclusions

The following main conclusions can be drawn
from our analysis:

1. During the period November 2016 — Novem-
ber 2017, the marine-terminating margins of the
Academy of Sciences Ice Cap remained nearly sta-
ble, so that ice discharge and calving flux are equiva-
lent in our study, at 1.93+0.12 Gt a~!. This is equiva-
lent to —0.35+£0.02 m w.e. a~! over the whole area of
the ice cap.

2. The difference of ~0.5 Gt a! between our es-
timate and that of Moholdt et al. [9] for 2003—2009,
of ~1.4 Gt a~!, can be attributed to the initiation,
sometime between 2002 and 2016, of ice stream flow
in Basin BC, whose current calving flux is estimated
to be 0of 0.41+0.05 Gta™'.

3. The long-term (from interannual to inter-
decadal) variations of calving flux during the last three
decades have been large, at between 0.6 and 3.2 Gta ™.

4. The lack of clear environmental drivers for the
observed long-term changes of calving flux suggests
that these variations are an expression of dynamic in-
stability, likely associated with intrinsic character-
istics of the ice cap. We suggest that this instability
could be caused by the long-term changes in floata-
tion conditions associated with the complex geometry
of the subglacial and seabed topography in the termi-
nal zones of the fast-flowing eastern basins (B and C).

5. Given that the climatic mass balance has re-
mained close to zero over the last four decades,
in spite of regional warming (see the companion
paper [20]), the total mass balance of the ice cap has
been driven mainly by calving flux.
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Pacmmpennslii pedepar

OmnpenelieHbl TOBEPXHOCTHBIE CKOPOCTU ABU-
XKEeHUS JIeTHUKOBOTO Kyrnoja Akanemuu Hayk Ha
0. Komcomorer (apxurmenar Ceepras 3emist B Poc-
cuiickoii ApKTUKe) B TedeHue Iepuoja ¢ Hos1ops
2016 r. o Hos6ps 2017 1. 7151 3TOrO UCIOIL30BaH
METOJ OLIECHKM CMEIIeHUS 3JIEMEHTOB C pa3HOM WH-
TEHCUMBHOCTBIO OTpaXkKeH!sI Ha pa3HOBPEMEHHBIX pa-
JTApHBIX N300paKeHUSIX, MTOTYYEHHBIX IPYITITUPOBKOM
crytHUKOB Sentinel-1. TToxydyensr 54 mapsl Heleb-
HBIX CKOpPOCTe#l (110 IBYM M300pakKeHUSIM B Kax-
IO mape, pa3neéHHBIM 12-ITHEBHBIM TIEPUOIIOM).
O6mag (1Mo TaJbHOCTH M a3UMYTY) CpeTHeKBaIpa-
TAYHAsI OIIMOKA B OIIPEIeIeHNI CKOPOCTHU JIBIDKEHMS
TMOBEPXHOCTH JibAa cocTaBuia okojio 0,024 m/neHb
(=8,75 M/rom). J1J1s1 OLIeHKM CpeHErod0BOro pacxoaa
JIbIa B MOPE 3TOT0 JIEAHUKOBOTO KYIOJla UCTIOJIb30-
BaHO CpelHee 3HaUeHUE 3TUX 54-HeaeNbHbIX CKOPO-
creii. 1o HalIMM OlLIeHKaM, CpelHUIA pacxol Jbaa 3a
2016—2017 rr. cocraBui 1,9340,12 I't/roa, 4yTo 3K-
BuBasieHTHO TToTepssM —0,351+0,02 M Box. 3KB. B TOJ
10 BCel IUIOIIAMM JISAHMKOBOro Kymojia. OCHOB-
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